Expression of a proof-reading deficient form of mitochondrial DNA (mtDNA) polymerase c, POLG, causes early death accompanied by features of premature ageing in mouse. However, the mechanism of cellular senescence remains unresolved. In addition to high levels of point mutations of mtDNA, the POLG mutator mouse harbours linear mtDNAs. Using one-and two-dimensional agarose gel electrophoresis, we show that the linear mtDNAs derive from replication intermediates and are indicative of replication pausing and chromosomal breakage at the accompanying fragile sites. Replication fork arrest is not random but occurs at specific sites close to two cis-elements known as O H and O L . Pausing at these sites may be enhanced in the case of exonuclease-deficient POLG owing to delayed resumption of DNA replication, or replisome instability. In either case, the mtDNA replication cycle is perturbed and this might explain the progeroid features of the POLG mutator mouse.
INTRODUCTION
Mitochondria have been proposed to play an important role in longevity and ageing. Ablation of the mitochondrial (1), but not the cytosolic (2) form of superoxide dismutase has profound and widespread deleterious effects on organismal health; and over-expression of catalase in mice increases longevity (3) . The case for mitochondrial DNA (mtDNA) involvement in ageing is uncertain, as many reports have detected only low levels of mutant mtDNA (4) ; an exception is the accumulation of partially deleted (or partially duplicated) mtDNAs in the Substantia nigra of aged individuals, particularly those with Parkinson's disease (5, 6) . The creation of a mouse with a mutant mtDNA polymerase lacking a functional proof-reading domain demonstrated that perturbing mtDNA metabolism is highly deleterious and shortens the life-span of the mouse (7, 8) . However, the high levels of point mutations found in the mutator mouse are never reached in the course of normal ageing (9) . The first mice with the premature ageing phenotype also had high levels of sub-genomic linear pieces of mtDNA, ('deleted' mtDNAs), in addition to full-length circular molecules of 16 kb (8) . The most prominent linear DNA species' spanned $11 kb, from the major non-coding region (NCR) to the cluster of five tRNA genes that are interrupted by a short spacer region, which functions as a prominent start site of lagging strand DNA synthesis (O L ) (8) . These fragments are not archetypal mtDNA deletions, mapping as they do to the reciprocal region of most pathological deletions and being linear as oppose to circular molecules (10, 11) .
Initiation and termination of replication occur frequently in the NCR (12, 13) , and O L appears to be a replication pause site (14) . Replication fork arrest in the NCR (nt 15 424-16 300) and at O L (nt 5160-5191) predicts a prominent replication intermediate with a bubble spanning $11 kb, with junctions susceptible to nicking by single-strand (S1) nuclease, which could result in the release of one branch of the bubble (illustrated schematically in Figure 1 ). If the abundant linear DNAs of the mutator mouse were broken replication intermediates then this would offer an explanation of the phenotypic consequences of POLG exonuclease deficiency. In the absence of repair, chromosomal breakage is effectively futile replication, and a high steady-state level of linear DNAs would imply that whatever repair systems exist in mitochondria for dealing with strand breaks, they are overwhelmed in the mutator mouse. As well as being wasteful, chromosomal breaks are hazardous, as the resultant DNA ends can invade other molecules precipitating illegitimate recombination, and genome rearrangement. Even if they remain intact, paused or stalled replication forks can reverse creating ends which are equally recombinogenic, and so cells go to considerable lengths to rescue or remove stalled replication forks (15, 16) .
Here we show that linear mtDNAs, of the type documented previously in the mutator mouse (8) , can indeed be generated from mtDNA of control mice by means of single-strand nuclease treatment, and so they are inferred to derive from paused replication intermediates. In solid tissue of mutator mouse, paused replication intermediates were highly abundant indicating that expression of a proof-reading defective mtDNA polymerase leads to elevated or prolonged replication pausing. These findings suggest that perturbed mtDNA replication is an important feature of the mutator mouse that is likely to contribute to its pathophysiology.
MATERIALS AND METHODS
Solid tissue analysis utilized control female BALB/CJ mice aged 4-6 weeks ( Figure 1 ) or mutator mice POLG D257A, of a mixed 129/ICR/B6 genetic background (7) and wild-type littermates (Figures 2-5 ). Mouse liver mtDNA isolation, restriction digestion and 2D-AGE were as described previously (12) . 1D-AGE conditions are indicated in the figure legends. S1 nuclease treatment was 1 U for 10 min at 378C (Figures 1 and 2 ), or 1 U for 1 min at 378C ( Figure 5 ). From (17) Figure 3A ) a second round of PCR was employed using nested primers: GAGGAATATCCAGAGACTTGGGGATCT AACTG nt 13 815-13 846 and GGTCTTGTAAACCT GAAATGAAGATCTTCTCTTCTC nt 15 314-15 350. In all cases there was a final extension step of 728C for 10 min with Biotaq polymerase to ensure addition of a terminal adenine nucleotide. After cloning into pcr2.1 (Invitrogen) the products were sequenced by Geneservices.
Neutral 2D agarose gel electrophoresis (2D-AGE) was essentially as described previously (12) . Typical conditions were: first dimension electrophoresis, 28 V for 15 h at room temperature in a 0.4% agarose gel; second dimension electrophoresis 1% agarose, 260 mA for 6 h at 48C. After electrophoresis, gels were alkaline blotted onto nylon membranes and hybridized to radiolabelled probes corresponding to nt 15 511-16 034 and nt 5568-6044 of the mouse mitochondrial genome, by overnight incubation at 658C in 7% SDS, 0.25 M sodium phosphate pH 7.4. Post-hybridization washes were 1Â SSC three times, followed by 1Â SSC, 0.1% SDS twice, each for 20 min at 658C. Filters were exposed to X-ray film and developed after 3-7 days, or exposed to phosphor imaging plates for quantification of spots of RIs and unit length fragments (1 n), using a Typhoon TM phosphorimager (GE Healthcare).
RESULTS
Single-strand nuclease treatment of control mouse liver mtDNA generates linear DNA molecules of~11 kb
To test the idea that replication forks paused in the vicinity of the NCR and O L are fragile, purified liver mtDNA of normal control mice was treated with single-strand specific S1 nuclease and the products of the reaction fractionated in 1D on agarose gels. S1 nuclease-treated mtDNA revealed a doublet not detectable in untreated samples ( Figure 1A-F) . The products of S1 nuclease treatment were very similar to the sub-genomic linear mtDNAs reported for the POLG mutator mouse (8), as they covered approximately the region from the NCR to O L , based on the results of a series of hybridizations to probes scattered around the mouse mitochondrial genome ( Figure 1A-F) . However, the shorter of the two bands lacked at least some of the NCR, as it was not detected with a probe spanning nucleotide numbers 15 511-16 034 ( Figure 1D ). To improve the resolution of the S1 nuclease products, mouse liver mtDNA was first digested with XhoI, which cuts mouse mtDNA once only at nt 13 558. A probe corresponding to nt 14 903-15 401 of mouse mtDNA revealed a series of bands of $2-2.5 kb when control mtDNA samples were treated with S1 nuclease ( Figure 1G -ii). On the basis of their mobility and the probe applied, such fragments extend from the XhoI site at nt 13 558 to positions in the NCR. Another series of restriction fragments modified by S1 nuclease treatment mapped near O L ( Figure 1G -iii). These findings corroborate the earlier data from 2D agarose gels suggesting that mitochondrial replication pauses in the vicinity of the NCR and O L (12) (13) (14) . Furthermore, the analysis of control mouse liver mtDNA demonstrates that linear mtDNAs can be derived from replication intermediates, by single-strand nuclease digestion.
Mapping and sequencing of the 11 kb linear fragments of mouse mtDNA from control and mutator mice Mitochondrial DNA was prepared from liver mitochondria of mutator mice and age-matched controls (littermates) purified on sucrose-gradients and analysed by 1D-AGE. Restriction digested and undigested mutator mouse mtDNA yielded bands barely detectable in controls (Figure 2A and B). The majority of these bands were shorter than the expected restriction fragment, and the short XhoI digestion products (3 in Figure 2A ) were similar to those produced in control mice by the combined XhoI/S1 nuclease treatment ( Figure 1G -ii). The fragments $2.5 kb in size were detected by a probe covering nt 14 903-15 401 (Figure 2A ), but not by probes corresponding to nt 8031-8625 ( Figure 2B ) or 12 605-12 963 (not shown), and so they must logically extend from the XhoI restriction site at nt 13 558 to the NCR. S1 nuclease treatment of XhoI digested mutator mouse mtDNA increased the abundance of the 13 558-NCR fragments ( Figure 2C ), suggesting that at least some of them were derivatives of replication intermediates. Gelextraction of S1/XhoI digested fragments $2-2.5 kb was followed by circularization, PCR amplification and sequencing, to define the junctions. This provided confirmation that one end (depicted as red diamonds in Figure 3B ) frequently mapped to the NCR. The S1 nuclease treatment removed only the single-stranded nicking by S1, or other, nuclease can in theory release a linear fragment of mtDNA of $11 kb as illustrated. S1 nuclease treatment of Balb C mouse liver mtDNA yielded just such fragments based on a series of probes from around the mouse mitochondrial genome (Panels A-F). (Panels A-D) represent a single gel: 0.62% agarose, 60 V, 30 h; whereas, the mtDNA of (Panel E) and (Panel F) was separated on a 0.5% agarose gel, at 65 V for 30 h. Treating mouse liver mtDNA with XhoI or SacI, in addition to S1 nuclease, produced shorter fragments (Panel G, i-iii), after separation at 100 V for 4 h on a 0.8% agarose gel. Probes were assigned lowercase letters (a-f), and the numbers at the foot of the gel panels indicate the span of the probes, based on the revised mouse mtDNA reference sequence (17) .
overhang created by XhoI and so there was no suggestion that the nuclease treatment removed any uninterrupted duplex DNA from the NCR end of the fragments. Several of the fragment ends were close to, yet rarely coincident with, 5 0 -ends of H-strand DNA mapped previously to the NCR (blue vertical lines in Figure 3B ), which are putative initiation, pause or termination sites (12, 13, 18) . However, similar-sized fragments of much lower abundance in control samples (yellow diamonds, Figure 3B ) mapped at or near the most prominent 5 0 ends previously designated as O H , albeit that nt 16 065 was the most common end of linear dsDNA (this report), whereas 16 034 was the most abundant free 5 0 DNA end (12) . The other terminus of the linear mtDNA molecules was often in the vicinity of O L ( Figure 3C and D) , based on sequence analysis of SacI digested products of $4 kb ( Figure 2D, species 6) . Here again the DNA ends were dispersed across a region of several hundred nucleotides (red diamonds in Figure 3D ). The ends of the cloned fragments near O L were less dispersed in control mouse samples and half of them coincided with prominent free 5 0 ends of DNA mapped by ligation-mediated PCR ( Figure 3D and Supplementary Figure 2) . The minor differences in map positions notwithstanding, the end mapping data indicate that the linear DNA species of mutator mouse mitochondria are similar to single-stranded nuclease generated fragments of controls, and so support the view that they are related to replication pausing.
Enhanced replication pausing at defined sites in mutator mouse mtDNA Neutral 2D-AGE has been widely used to characterize replication intermediates (19, 20) . If, as suggested above, were treated additionally with single-strand specific (S1) nuclease after restriction digestion (see 'Materials and Methods' section). The two lanes in panel (C) are different exposures of the same gel; a longer exposure of the digest of Wt mtDNA was needed to show that S1 nuclease generated some fragments of similar size to the abundant short fragments seen in mutator mouse mtDNA digests. The species that distinguished mutator mouse mtDNA from wild-type mtDNA are interpreted as follows: 1-replicating theta structures, or eyebrows, as illustrated at the base of the figure. Wild-type mtDNA samples also include theta structures but their low abundance means they are difficult to detect unless 2D-AGE is applied (12); 2-linear mtDNA fragments of approximately 11 kb; 3-XhoI digested mtDNA fragments with one end corresponding to the restriction site at nt 13 558 and the other mapping to the major non-coding region (NCR); 4-SacI fragments $7 kb, spanning nt 9047 to the NCR; 5-fragments $8 kb, with one end close to O L the other nt 13 558; 6-fragments $4 kb, with termini at nt 9047 and near O L . The fragments labelled 7 in panel D were gel-extracted, converted to circles, cloned and sequenced, without recourse to S1 nuclease treatment, and found to contain point mutations, which indicated that the novel fragments were the result of SacI site gains (see Supplementary Figure 3 for details).
replication pausing in the NCR and near O L is much more frequent or prolonged in the mutator mouse then this should manifest as accumulated replication intermediates. Therefore, control and mutator mouse mtDNA was digested with DraI, or AccI and BspHI, or BclI, and the products separated by 2D-AGE. Southern hybridization to probes detecting the fragment of mtDNA containing the NCR region revealed a prominent spot on the standard replication fork (Y) arc in mutator mouse samples ( Figure 4A ). A prominent spot on an arc of replication intermediates is indicative of replication pausing (21); the position of the pause on the three arcs ( Figure 4A ) allied to previous 2D-AGE analyses (13, 22) mapped the pause to the NCR, not far from O H . Thus, this pause site mapped to the same position as one of the ends of the linear mtDNA fragments (Figures 2 and 3) . Quantification by phosphorimager analysis indicated that the pause was 12-fold stronger in mutator mouse samples than wild-type littermates ( Figure 4B ). The other end of the linear fragments mapped approximately to O L ( Figure 3C ) and so the region spanning nt 3102-7084 with O L near its centre was analysed, revealing an 11-fold increase in signal towards the apex of the ascending Y arc, in mutator mouse liver samples compared to controls ( Figure 5A and B) . This is the portion of the arc where replication intermediates paused in the vicinity of O L would be expected to resolve. Thus, both termini of the linear fragments correspond to narrow regions of prominent replication pausing. Nevertheless, the cloned fragments need not be perfectly representative of the paused replication intermediates; for instance, fork regression and nuclease digestion in vivo could generate junctions that were no longer partially single stranded (23) , thereby decreasing their fragility. Hence, regressed forks would be more resistant to S1 nuclease and so under-represented among the cloned fragments. After 2D-AGE, nuclease-digested, regressed forks would resolve lower on the ascending Y arc, i.e. closer to the unit length fragment (1 n), than forks where regression had not occurred, and this could explain why there was a smear on the ascending Y arc, rather than a more tightly defined spot ( Figure 5A-2) . Logically there must also have been molecules that had regressed and yet retained some singlestranded DNA, as S1 nuclease treatment enhanced the pausing on the Y arc ( Figure 5A and illustrated in 5C). Although almost nothing is known about the reactivation of replication at pause sites in mitochondria, the apparatus to re-start replication is ubiquitous in systems where Figure 4 . Enhanced replication pausing in the NCR of POLG mutator mouse mtDNA. (A) 2D-AGE analysis of mtDNA of control (WT) and mutator mouse liver was performed after digestion with AccI and BspHI (panels 1 and 2), DraI (panels 3 and 4) or BclI (panels 5 and 6). Arrows indicate the position on a standard Y arc where replication forks frequently arrest [for details of replication fork arrest, see (40) ]. Restriction site blockage accounts for the high molecular mass fragments of mtDNA (slow-moving Y-like arcs or SMYs), which were previously attributed to RNA incorporation during mtDNA replication (12) . (B) The abundance of paused replication forks mapping to the NCR was 12 times higher than controls based on Typhoon TM phosphorimager (GE Healthcare) quantification of paused RIs. n = 3 experiments using mtDNA derived from two distinct groups of control and mutator mouse livers. Although increased pausing on the Y arc was more apparent after a brief single-strand (S1) nuclease treatment (1 U for 1 min at 378C) (panels 3 and 4), quantification indicated that the S1 treatment decreased the relative abundance of paused RIs between POLG mutator mouse and control samples (data not shown), and so the data in B relate to samples that were not treated with S1 nuclease. At least some of the increase in signal on the Y arc produced by S1 nuclease (panel A-4) can be attributed to the removal of single-stranded DNA from regressed forks, as illustrated in (C).
faithful replication is required, and so it is unlikely to be absent from mitochondria. If pausing is prolonged, rather than elevated, in the mutator mouse, then this would implicate POLG in re-starting replication. Alternatively or additionally, exonuclease-deficient POLG of mouse may be less processive than the wildtype enzyme; in vitro this is true of proof-reading deficient forms of yeast (24), but not mammalian (25) , POLG. The exonuclease-deficient POLG of the mutator mouse may, nevertheless, make the mitochondrial replisome prone to collapse on encountering an obstacle to replication, such as that presented by a pause site. In turn, this might increase the amount of single-strandedness at the fork thereby creating fragile sites; chromosomal breakage at such sites could thereby account for the high levels of linear DNA fragments in mutator mouse tissues.
Other fragments of mtDNA present in mutator mouse, at higher abundance than wild-type littermates, were incompatible with pausing near O H and O L . Some of the most prominent of these fragments were products of SacI digestion (species 7, Figure 2D ). Cloning and sequencing indicated that such fragments were the result of point mutations creating new restriction sites (Supplementary Figure 3) , rather than replication pausing, which provides further evidence of POLG-generated mutational hotspots in mammalian mtDNA (26, 27) .
DISCUSSION
Replication pausing may explain the progeria-like features of the mutator mouse That the high incidence of point mutations in the mtDNA of the mutator mouse (8) is a manifestation of the crippled exonuclease function of POLG is not a doubt. However, it remains unclear whether the impact of the point mutations on oxidative phosphorylation is responsible for the progeria-like features. Respiratory enzyme activities were reduced by up to 50% of control values in the mutator mouse, yet the respiratory enzyme capacity of heart was barely below normal (8) . In any case, decreased respiratory chain capacity is a well-recognized feature of mitochondrial disease in man, and yet there is scant evidence of progeria in such disorders (10, 28) . The accumulated paused replication intermediates and linear mtDNA fragments characterized here are a key distinguishing feature of the mutator mouse: could they account for the premature ageing phenotype of the mutator mouse? The high steady-state level of particular replication intermediates (Figures 4 and 5) indicates that replication is subject to long delays at specific pause sites, or else pausing occurs at much higher frequency than normal during the replication of mtDNA in mice expressing a proof-reading deficient POLG. However, the linear 11 kb DNA species generated by breakage of the DNA at the pause sites is present at a similar level throughout the life of the mutator mouse, from embryonic development to its early death: it does not increase with age. Nevertheless, enhanced pausing and the failure of innumerable rounds of mtDNA replication could well prove deleterious over time, especially when one considers the close parallels between the mutator mouse phenotype and the impact of mutations in the RecQ helicase WRN, which are responsible for progeria-like syndromes (see below). Hence, we hypothesize that it is the long-term impact of chromosomal breakage and aborted replication that leads to premature ageing of the mutator mouse.
The problem of chromosome breakage could be exacerbated by the free ends of the linear DNAs precipitating recombination, via strand-invasion; thereby giving rise to deletions (29) . Even if the fragile sites remained intact in vivo, free DNA ends could be generated by fork reversal. Hence, recombination between the two branches of replication intermediates paused near O H and O L could account for the preponderance of deletions in the so-called major arc of human mtDNA (30) . By the same token, prolonged replication pausing could also underlie the elevated level of mtDNA deletions in the mutator mouse that was reported recently (31) . However, we question whether such a low level of deletions (only detectable using a PCR-based assay) is, of itself, relevant to the progeria-like features of the mutator mouse, particularly as high levels of single or multiple deletions fail to elicit progeria in humans (10, 28) .
Parallels between mutant forms of POLG and WRN suggest DNA replication defects often underpin progeria-like syndromes Cultured cells from human premature aging syndromes show replicative senescence. For instance, mutations in the WRN gene, a RecQ helicase, and in XPD, a helicase involved in nucleotide excision repair, each cause a progeria-like syndrome with some features that are similar to the mutator mouse. WRN protein is implicated in replication fork recovery (32) , and S phase is prolonged in cultured fibroblasts lacking functional WRN. As mentioned above, replication may well be prolonged in the mitochondria of the mutator mouse, based on the high steady-state level of mitochondrial replication intermediates (Figures 4 and 5) . Fragile sites are prevalent in nuclear DNA where there is a dearth of the RecQ helicase WRN, leading to chromosomal breakage (33) . The sensitivity of mtRIs to single-strand nuclease in controls and the high level of sub-genomic linear mtDNA fragments ($11 kb) in mutator mouse (Figures 1 and 2, respectively) , coupled with the high abundance of specific replication intermediates, suggest that replication pausing in mitochondria produces fragile sites, and that breakage at such sites occurs at high frequency in the mutator mouse. Thus, here again mutant WRN and POLG produce similar molecular phenotypes. Furthermore, WRN is the only RecQ helicase with 3 0 -5 0 exonuclease activity (34), and it has been shown to be involved in DNA repair resulting from oxidative damage (35) . By analogy with WRN, POLG may be directly involved in DNA repair and depend on its 3 0 -5 0 exonuclease activity for this function. Therefore 3 0 -5 0 exonuclease-deficient POLG may represent double jeopardy: increased errors during DNA synthesis and reduced DNA repair capacity. As such, prolonged pausing may reflect an effort to execute DNA repair, in which case replication pausing would form part of a mitochondrial fidelity-surveillance system, and one function of pause sites would be to act as DNA repair checkpoints. The formation of replication intermediates with fragile sites could therefore be envisaged as a mechanism for rejecting defunct copies of mtDNA; if pausing is extended due to a high mutant load that cannot be repaired efficiently then strand breakage occurs, which effectively aborts replication. The 11 kb linear mtDNAs would therefore be a manifestation of aborted replication.
While, in this scenario, the underlying problem is after all the high level of point mutations generated by the exonuclease-deficient POLG, the effect on cell fitness is indirect: essential factors involved in DNA metabolism eventually become exhausted in mitochondria of affected cells due to increased replication activity that is itself the result of inadequate DNA repair capacity, owing to the mutant form of POLG creating many more mutations than normal and being unable to assist in their repair. In any event, the 11 kb linear mtDNAs are evidence of futile replication and so it is reasonable to suggest that this might underpin the progeria-like features of the mutator mouse, more especially as there is scant evidence that impairment of oxidative phosphorylation causes progeria. Indeed it would be remarkable if the life-long requirement for increased mtDNA replication in the mutator mouse came at no cost to the animal.
The 'aberrant replication' hypothesis can also explain the modest impact of mutant POLG on ROS production (36) , which has puzzled many researchers, as elevated ROS is a frequently allied to mitochondrial diseases [(37) and references therein]. According to our hypothesis, progeria-like phenotypes of the mutator mouse are not primarily a consequence of the downstream effects of expressing mutant mtDNA, but an effect of trying to prevent mutations accumulating to such a level that ROS homeostasis and mtDNA expression are catastrophically compromised. Moreover, because both nuclear and mtDNA metabolism are co-dependent on numerous factors, including DNA ligase III, uracil DNA glycosylase, Flap endonuclease 1, Brca1, RNase H1 and the nucleotide precursor pool, the increased sequestration of such materials by mitochondria with deficient POLG might conceivably impact on nuclear DNA replication.
